A rteriovenous malformations (AVMs) shunt blood from the arterial system to the venous system and bypass the normal capillary bed of the brain. Although AVMs constitute only 11% of cerebrovascular brain disorders, patients with AVMs are often symptomatic and experience brain hemorrhage, headaches, or seizures, depending on AVM location.
Although various publications have addressed the risk for AVM hemorrhage during pregnancy, 4, 7, 11, 15, 28, 32 such studies have not assessed the risk for hemorrhage in women who become pregnant during the typical 3-year latency interval between SRS and documented AVM obliteration. Our objective was to evaluate the risk for hemorrhage in patients who become pregnant during the latency interval. We compared the incidence of hemorrhage among these patients with the incidence of hemorrhage among women who did not become pregnant during this interval.
Methods
We performed a retrospective review of all patients who had a confirmed angiographic diagnosis of intracranial AVM and who underwent Gamma Knife (GK) SRS at the University of Pittsburgh during 1987-2012. The University of Pittsburgh Institutional Review Board approved the study. Of the 1117 patients who met these criteria, 529 were female. To include only those patients in the typical childbearing years, we excluded female patients who were older than 40 and younger than 15 years at the time of the procedure, which left 253 patients who met the age and sex selection criteria. The study was performed by physicians who were not involved in the original radiosurgical procedure.
For all patients, the date of AVM obliteration was recorded. Information about subsequent pregnancies and/ or bleeding events that occurred during the latency interval after SRS was retrieved from the medical records and supplemented by telephone contact with patients, family members, and current treating physicians. A total of 17 (6.5%) patients became pregnant before documentation of AVM obliteration. One patient became pregnant twice. For all 253 patients, we compiled a complete hemorrhage record and obstetrical history, when pertinent.
Stereotactic radiosurgery was performed by using one of various models (U, B, C, 4C, or Perfexion) of the Leksell Gamma Knife (Elekta AB) during 1987-2012. All patients underwent AVM SRS based on intraoperative angiography and axial plane imaging performed by using either CT or MRI (MRI after 1991). The median target volume was 3.9 cm 3 (range 0.1-27.1 cm 3 ), and the median margin dose used in a single procedure was 20 Gy (range 14-38 Gy). Our procedure has been outlined in detail in prior publications. 22, 23, 31 After SRS, patients typically underwent repeat MRI or CT at 6-, 12-, 24-, and 36-month intervals. If these imaging studies suggested a high probability of AVM obliteration, patients were asked to undergo verification angiography. For each patient, we calculated the time from SRS until obliteration was documented by imaging. During this interval we evaluated bleeding events and pregnancies. The date of AVM obliteration was recorded as the date that imaging (usually MRI supplemented by angiography) confirmed an absence of AVM filling. For patients for whom total obliteration was demonstrated with both digital subtraction angiography and MRI, the date of angiography was used.
For patients who did not undergo sufficient followup imaging to confirm obliteration, we arbitrarily assumed the date of obliteration to be 3 years from the date of the procedure, consistent with the median time until MRI documentation of total obliteration established by prior publications. 16, 18 For patients whose images revealed a persistent AVM at 3 years after SRS, the most recent date of follow-up imaging that confirmed obliteration was used as the date of obliteration. Follow-up imaging was interpreted by 2 experienced neurosurgeons during reviews performed at our multidisciplinary vascular malformation conference.
Patient-years of follow-up were tallied from the date of SRS until the date of obliteration. Each pregnancy was assigned 1.0 patient-years, which consisted of 40 weeks of gestation, beginning from the last menstrual period, plus an additional 12-week postpartum interval to account for physiological changes associated with pregnancy that do not resolve immediately at the time of delivery. A casematch control analysis was then performed (1 pregnant patient to 3 nonpregnant patients [controls]) to determine statistical significance. Patients who became pregnant during the latency interval were matched to control patients by age, prior hemorrhage history, AVM location (deep vs superficial), target volume, margin dose, Spetzler-Martin grade, Pollock-Flickinger score, and follow-up duration. After case matching, the Mann-Whitney U-test for continuous data and the Fisher exact test for categorical data were used to compare both groups. All variables for case matching did not statistically differ between the groups.
Results
For 110 (43%) of the 253 patients, AVM diagnosis was made after an initial cerebral hemorrhage. For the other patients, the AVM was diagnosed during the evaluation of symptoms that included headaches (28%) and seizures (21%), or it was found incidentally during the evaluation of recent mild cranial trauma (5%). Among the 110 patients with initial intracerebral hemorrhage, 6 were pregnant at the time of the first hemorrhage. Two experienced neurosurgeons determined the Spetzler-Martin AVM grade before SRS. 34 Grade I AVM was diagnosed in 15 (6%) patients, Grade II in 68 (27%), Grade III in 95 (38%), Grade IV in 41 (16%), and inoperable Grade VI in 34 (13%).
Hemorrhage Frequency
Annual rates of hemorrhage were calculated on the basis of years of follow-up and total number of hemorrhages; these rates account for the total number of hemorrhages experienced by patients during the latency interval. A total of 828.7 patient-years of follow-up occurred during the latency interval between SRS and the date of confirmed AVM obliteration (Table 1 ). This number accounts for 810.7 patient-years of follow-up during which patients were not pregnant and 18.0 years of follow-up during which patients were pregnant. Median followup time for all patients was 36 months (range 10-174 months). During the latency interval, 20 hemorrhages occurred in nonpregnant patients, equating to an annual hemorrhage rate of 2.5% (20/810.7). Of these 20 patients, 12 (60%) had previously experienced AVM hemorrhage.
The 110 patients with intracranial hemorrhage at initial presentation accounted for 327.2 patient-years of follow-up. Of these 110 patients, 13 (12%) sustained repeated intracerebral hemorrhages during the latency interval, yielding an annual rebleed rate of 4.0% (13/327.2) until obliteration. Of the 13 rebleeding events, 4 were fatal.
During the latency period, 18 pregnancies occurred among 17 patients. Two hemorrhage events occurred within the latency period, resulting in a calculated annual hemorrhage rate during pregnancy of 11.1% (2/18) ( Table  2 ). For each of these 2 patients, hemorrhages occurred during the first trimester of pregnancy. The case-match control analysis did not reveal a statistically significant association between pregnancy and nonpregnancy rates of hemorrhage (p = 0.696).
Illustrative Cases

Case 1
A 19-year-old woman with right-sided weakness and blurry vision at initial presentation underwent GK SRS for an 18-cm 3 Spetzler-Martin Grade VI left thalamic AVM ( Fig. 1 ) that had multiple arterial feeders and draining veins, deep venous drainage, and a varix but no prenidal or intranidal aneurysms. The SRS was performed in 2 stages separated by a 3-month interval. The minimal margin dose to the entire AVM was 16 Gy. One month after undergoing SRS, the patient became pregnant. At Week 5 of gestation, she experienced a severe headache and new dense right hemiparesis caused by AVM rupture. While under observation, the patient sustained a second hemorrhage at Week 10 of gestation, resulting in coma. Placement of an external ventricular drain was followed by slow recovery of consciousness. The patient experienced spontaneous abortion during Week 12 of gestation. At the 2-year follow-up visit, the patient was awake and alert but with residual right hemiparesis. Follow-up imaging at 30 months after the first staged procedure demonstrated a reduction in AVM size, and the patient recently underwent repeat GK SRS with a minimal margin dose of 18 Gy to the entire residual AVM.
Case 2
A 32-year-old woman with a 1-year history of headaches was found to have a right medial anterior temporal Spetzler-Martin Grade III (S2V1E0) AVM (Fig. 2) , which had several arterial feeders and draining veins, deep venous drainage, and a varix but no prenidal or intranidal aneurysms. SRS was performed for this 10-cm 3 AVM; 17 Gy was delivered at the margin in a single SRS session. Fourteen months later, the patient sustained an AVM hemorrhage and was subsequently found to be in her 6th week of pregnancy. She underwent craniotomy for clot evacuation and partial AVM removal. Four weeks later, at Week 10 of gestation, the patient experienced a spontaneous abortion. Three years after SRS and subsequent clot evacuation, the patient was neurologically intact and angiography confirmed AVM obliteration.
Discussion
AVM Hemorrhage Risk Among Women
Among women, AVMs are most likely to hemorrhage during the prime childbearing years; one large study of women reported a mean (± SD) age at AVM diagnosis of 27.5 ± 12.9 years. 15 Additionally, most AVMs discovered during pregnancy are discovered as a result of cerebral hemorrhage. 15, 32 Taken together, these findings seem to indicate that among women, the likelihood of hemorrhage is higher during childbearing years and pregnancy might increase the risk for hemorrhage.
The most important outcome variable for patients who undergo treatment for intracranial AVM is reduction or elimination of future risk for hemorrhage. Studies of the natural history of AVMs have reported annual hemorrhage rates of 1.7%-2.7% for previously unruptured AVMs and 3.7%-5.5% for AVMs that have previously bled. 12 The risk for rebleeding is highest during the 1st year after an initial bleed; rates range from 6% to 15%.
2,9,10,12,27,30 The cumulative rate for AVM hemorrhage among patients who have undergone GK SRS has been reported to be 7.5% at 10 years. 16 After the AVM has been radiographically obliterated, the cumulative lifetime risk for an AVM hemorrhage is 1%. 26 Studies suggest that the strongest risk factors for AVM hemorrhage are deep venous drainage, large volume, prior hemorrhage, and presence of associated aneurysms. 3, 14, 17 Although pregnancy is generally considered to be an additional risk factor for hemorrhage, confirming data are relatively scarce. Gross and Du 11 recently reported that annual hemorrhage rates among 54 women with AVMs were 10.8% in pregnant women and 1.1% in nonpregnant women (p = 0.000223). Such a large increase in risk for AVM hemorrhage suggests another reason why women with AVMs discovered during their childbearing years should consider AVM treatment. In contrast, Horton et al. retrospectively analyzed this risk among 451 women (540 pregnancies) with untreated AVMs who eventually underwent radiosurgery. They demonstrated a 3.5% hemorrhage rate during the year of pregnancy versus an annual hemorrhage rate of 3.1% outside the year of pregnancy (p = 0.35). 15 These authors concluded that pregnancy was not a risk factor for hemorrhage in women who had not previously experienced hemorrhage. A separate study of women undergoing radiosurgery, which used the same outcome analysis reported by Horton et al., identified a 9.3% annual rate of hemorrhage for women during pregnancy and a 4.5% annual rate for women older than the typical childbearing age. 7 In a case-crossover study of a large series of 393 patients with ruptured AVMs, 21 Liu et al. recently reported no increased risk for AVM rupture during pregnancy (OR 0.71, 95% CI 0.61-0.82). Their study and ours differ in numerous ways that contribute to the differing conclusions. In the Liu et al. study, all patients analyzed had experienced AVM hemorrhage, and patients who bled were less likely to get pregnant again. Because they did not follow up the patients who experienced hemorrhage before pregnancy to determine whether a subsequent hemorrhage occurred during pregnancy, these authors eliminated from analysis the subgroup of women who become pregnant after a first AVM hemorrhage. Furthermore, in the same study, the length of pregnancy for the 452 reported pregnancies (in the 393 patients) is unknown for most patients; of the 12 study patients who experienced hemorrhage during pregnancy, none carried the child beyond 38 weeks. Of the 440 other pregnancies, the number of women who carried the child to full term is unknown. Although this study is a markedly large one determining that pregnancy is not a risk factor for AVM hemorrhage, calculating hemorrhage rates during pregnancy on the basis of the assumption that all pregnancies completed the full term, in addition to eliminating the subgroup of women who become pregnant after hemorrhage (thereby eliminating prior hemorrhage as a risk factor for their pregnancy analysis), both artificially lowers the hemorrhage rate and may explain why their results differ from ours.
Although not statistically significant, our data demonstrate an elevated risk for hemorrhage during pregnancy in the latency interval after SRS. The lack of statistical significance can be largely attributed to small sample size; of the 253 patients studied, only 18 patients became pregnant during the latency interval. Many women contacted for this study stated that they had been counseled at the time of AVM diagnosis that pregnancy could increase their risk for hemorrhage, which probably contributed to the relatively low rate of pregnancy in our study population.
Vascular Changes During Pregnancy
Previous studies have demonstrated histologic changes in arteries and arterioles of pregnant women, thought to be mediated by progesterone; the changes included fragmentation of reticular fibers and loss of normal corrugation of elastic fibers, which might play a role in the increased risk for AVM hemorrhage during pregnancy. This finding suggests that the risk for hemorrhage during pregnancy would peak in the third trimester because circulating levels of progesterone increase throughout pregnancy; however, our data do not support this concept.
Prior studies have demonstrated variation with respect to the timing of hemorrhage during pregnancy. 11, 15, 20 Of 17 total hemorrhages in the study by Horton et al., 15 4 (23.5%) occurred during the first trimester, 6 (35.3%) during the second trimester, 5 (29.4%) during the third trimester, and 2 (11.8%) during the puerperium. This finding suggests a relatively consistent risk for hemorrhage throughout pregnancy but has been challenged by other studies. In a recent study by Gross and Du, of 5 hemorrhages, 11 4 (80%) occurred during the third trimester. In contrast, in our study population, both hemorrhages that occurred in pregnant women during the GK surgery latency interval occurred during the first trimester of pregnancy. These data for an admittedly small number of patients suggest that no definite correlation is yet known to exist between gestational age and risk for intracranial hemorrhage from AVM.
Management of Patients Who Become Pregnant During the SRS Latency Interval
Patients who become pregnant during the latency interval present additional management challenges. The decision whether to offer the patient additional treatment measures is a difficult one that often requires consultation with clinicians from obstetric, anesthesiology, and neurosurgical services. This decision is based on risks to the patient inherent to additional treatment as well as the potential risk to the fetus during the intervention and associated diagnostic testing. At our institution, we favor conservative management for this unique subset of patients and do not recommend that patients who become pregnant after SRS undergo subsequent embolization or microsurgery, regardless of gestational age. Throughout the patient's pregnancy, careful consideration should be paid to the management of blood pressure because hypertension increases the risk for hemorrhage and hypotension can compromise uterine blood flow and risk fetal distress. During delivery, anesthetic management should be predicated on minimizing cardiovascular changes. The available data suggest that risk for hemorrhage is no higher with vaginal delivery than with delivery by cesarean section; 15 however, with an abundance of caution, we recommend that all AVM patients who become pregnant undergo cesarean section delivery.
Conclusions
Intracranial AVMs are congenital malformations that can rupture and cause intracerebral hemorrhage at any time throughout life, leading to potentially devastating outcomes. Many women of childbearing age with AVMs, faced with the danger of potentially increasing their risk for hemorrhage, decide not to become pregnant. However, some women do consider the possibility of pregnancy and may benefit from a quantitative assessment of the risk for hemorrhage during pregnancy in the interval after GK SRS. We present the first series of data for women with intracranial AVMs who became pregnant during the latency interval after SRS. Although not statistically significant, our data suggest that pregnancy is a risk factor for hemorrhaging between radiosurgery and AVM obliteration.
Given these findings it is our recommendation that when AVMs are discovered in nonpregnant women of childbearing age, these patients should be counseled regarding the likely elevated risk for hemorrhage should they become pregnant. To mitigate this risk, these patients should strongly consider deferring pregnancy until treatment is concluded and the AVM is obliterated.
